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2 was also demonstrated using direct sunlight irradiation, with a conversion rate comparable to the rates achieved when using a 420 nm LED module as the source of photons.
New advances in photocatalytic processes (including new photocatalysts) have been made in recent years, not only in the production of energy dense materials, as shown in the field of Solar Fuels (with extensive studies on achieving water splitting and CO 2 reduction), but also in organic synthesis. 1 3 These efforts represent a true advancement in realizing more sustainable, economical and environmentally friendly strategies for a wide range of chemical processes.
One photocatalytic process that has been under scrutiny is the generation of singlet oxygen ( 1 O 2 ) through well known photosensitization reactions. 4 , 5 These reactions proceed under mild conditions, requiring only a photosensitizer, a light source and molecular oxygen. Organic dyes such as Rose Bengal, Eosin Blue and Methylene Blue, among others, are some of the most commonly used photosensitizers in this process. 6 11 When irradiated with light of an appropriate wavelength, energy is absorbed by the photosensitizer which is excited electronically to the triplet state through an intersystem crossing mechanism. The excited photosensitizer then transfers this energy to the ground state triplet oxygen ( 3 O 2 ), resulting in the formation of 1 O 2 . 7 The electrophilic and oxidizing properties of 1 O 2 have driven its use as an oxidant and as a synthetic reagent in a wide range of applications, such as organic synthesis, 12 water and wastewater treatment 13 and photodynamic therapy for the treatment of cancer.
14, 15
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Another area of catalysis that has come to prominence recently is that of photoredox reactions for organic synthesis. 16 Along with the generation of 1 O 2 , photooxidations use molecular oxygen in air as a green reagent, resulting in highly desirable reaction conditions. However, the reactive species for these reactions involve a superoxide radical anion (O 2 ), not the aforementioned 1 O 2 .
Formation of O 2 can proceed through a photoredox cycle in the presence of an amine base acting as a sacrificial reductant, a photosensitizer capable of occupying the excited triplet state and molecular oxygen. 17 While both reactive forms of molecular oxygen are generally well known and have their uses in a variety of applications, many of the photocatalytic materials used rely largely on transition metal complexes or organic dyes, which can lead to several issues. For example, the use of organometallic photosensitizers, while efficient light harvesters, 17 21 tend to be expensive, unsustainable and toxic. Some photosensitizers are also prone to photobleaching, , the degradation of the photosensitizer due to prolonged exposure to light and/or reactivity with 1 O 2 . 7 This leads to both a reduction in the efficiency and the lifetime of the photosensitizer. Lastly, most of these materials are employed under homogeneous conditions, leading to a cumbersome separation and recovery process of the photosensitizer from the reaction mixture, and ultimately the desired products, which impedes the reusability of the photosensitizer. 22 These disadvantages demonstrate the need to develop metal free and photostable materials that can act as heterogeneous photosensitizers in a variety of reactions and conditions.
In principle, the use of heterogeneous photosensitizers offers advantages in practical applications when compared to their homogeneous counterparts because they are easy to isolate, recover and recycle. Immobilization of commonly used homogeneous photosensitizers, such as organic dyes 23, 24 and transition metal complexes, 25 in polymer matrices has been shown to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 provide a more photostable material. This is due to the polymer matrix acting as an efficient oxygen diffusion barrier whilst inhibiting photobleaching of the photosensitizer. 26 However, this immobilization technique may lead to a decrease in the quantum yield of 1 O 2 production and therefore its efficiency as a photosensitizer. 7 Nevertheless, the added benefits of a heterogeneous photosensitizer (ease of recovery, reusability and avoiding contamination of the product)
outweigh the lower efficiency of the photocatalytic material.
Recently, we reported the use of conjugated microporous polymers (CMPs) as heterogeneous triplet photosensitizers. Through visible light irradiation, these 2,1,3 benzothiadiazole (BTZ) 27 29 or 4,4 difluoro 4 bora 3a,4a diaza s indacene (BODIPY) rich 30 CMPs have been shown to be efficient and reusable materials for the production of 1 O 2 . Reports employing heterogeneous photocatalysts for photoredox reactions have begun to emerge, primarily through the use of CMPs. 31 However, along with this work, CMP synthetic strategies largely involve Pd catalysts, resulting in an expensive material that is likely to be contaminated with residual Pd. Residual metal, even at ppb levels, is problematic as it may interfere with catalytic processes or lead to the toxicity of the reaction medium due to leaching. To circumvent this issue, we have developed a photoactive vinyl monomer, based upon the photoactive repeat unit used within the BTZ CMPs, 27 29 which can be incorporated with ease into polymer matrices * free radical copolymerization. The BTZ based monomer contains two styrene units, which results in an electronic "push pull" system, in which the BTZ unit acts as the strong electron acceptor and the styrene as a weak electron donor. Similarly to the CMPs, we expected that this system would allow the monomer, and polymers derived from the monomer, to act as photosensitizers for the production of 1 O 2 .
Page 4 of 36 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   5 One of the most widely available monomers for the production of polymers is styrene, with over 25 million tons produced globally every year. 32 It is a highly versatile monomer used to prepare a variety of polymer architectures including linear, branched and crosslinked polymers.
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Various formats of polystyrene have been described, such as foams, gels, beads and monolithic structures.
33
Herein, the synthesis and characterization of a photosensitizing crosslinking monomer and its incorporation into polystyrene structures through free radical copolymerization is presented. A BTZ based crosslinker was designed with two styrene units (Scheme 1) allowing for its exploitation as a co monomer together with styrene and/or divinylbenzene (DVB) in traditional, as well as more specialized, free radical polymerization techniques. Using 3 5 mol % only of the BTZ based crosslinker, three insoluble forms of photoactive polystyrene were synthesized: gels, micrometer sized polymer beads and monoliths. Computational models of the monomer and polymer repeat unit were investigated to demonstrate their ability to occupy the triplet excited state and thereby act as triplet photosensitizers. To validate these models, both the monomer and corresponding polymers were evaluated for the production of 1 O 2 in chloroform under both batch and flow conditions under visible light irradiation (420 nm). Furthermore, the same materials were screened as triplet photosensitizers in aerobic hydroxylation of a series of aryl boronic acids * the formation O 2 . These materials have been presented as a proof of concept where both computational and catalytic experiments verify them as efficient and stable triplet photosensitizers.
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Whilst aromatic carbons are present primarily, at 128 ppm (C C) and 146 ppm (C N), signals in the alkyl region are also identified at 40 45 ppm and correspond to the saturated aliphatic backbone of the copolymer ( Figure S18 ). These observations suggest that & / was incorporated successfully into the polystyrene chains * well established, metal free, free radical polymerization and that the polymer has the potential to be used a polystyrene based heterogeneous photosensitizer.
Heterogeneous phase polymerizations (including emulsion, dispersion, precipitation and suspension polymerization) 33 using the same free radical initiator allow us to demonstrate the versatility of the photoactive crosslinker. This versatility arises from the ability of & / to be implemented in a variety of free radical polymerization techniques whilst yielding polymers which retain the photoactive properties of the monomer. For the purposes of this study, precipitation polymerization and high internal phase emulsion (HIPE) polymerization were employed, which allows for the synthesis of the polymers in different physical formats derived from the same monomer set: micron sized beads from precipitation polymerizations and monolithic structures from HIPE polymerizations. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1!5! , ! 5 -2 !+, ! . , & /0 As seen in Scheme S2, precipitation polymerization utilizing a free radical initiator was used to synthesize particles in the form of micron sized beads. In order to ensure the production of an insoluble polymer, divinylbenzene 55 (DVB 55) was added as a non photoactive crosslinker. The incorporation of DVB as a crosslinker also adds rigidity to the structure and good mechanical robustness to the beads. In parallel with the photoactive polymer synthesis, a styrene DVB copolymer ( , ) was synthesized without any photoactive component for comparison.
UV Vis spectroscopy showed a maximum absorption at ~420 nm for , & /$ which is comparable to the absorbance wavelength of the previously described materials ( Figure S15 ).
, did not display any absorption in the visible region and produced a white product 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Given the variety of free radical polymerization techniques used, the synthesized monomer showed exceptional versatility and stability. By incorporating very limited amounts of the monomer into a polymer matrix, we were able to dilute the amount of photoactive component when compared to more common materials, as previously described. To better understand these materials as potential triplet photosensitizers, computational excited state data were gathered. Each isomer is essentially isoenergetic and results below are for the C 2 matching the crystal structure (further comparison in ESI). We note generally very good agreement for the S 0 geometry with experiment. For both systems the lowest singlet and triplet states are of the same character, being 94% represented by the HOMO LUMO orbital transition (Table S1 and S2).
This corresponds to charge transfer through the π system from the styrene benzene/isopropyl benzene groups to the BTZ group as shown in Figure 3 below for the monomer and polymer systems. Finally in Table S3 we give the singlet triplet energy gap computed at the optimized triplet state geometry for both systems. There is around a 0.8 eV triplet stabilization from the vertical geometry for both systems. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 component being dramatically reduced within the polymeric materials, it was of great interest to understand if this had any significant effect on their ability to act as photosensitizers. However, a sudden decrease in the rate of conversion of α terpinene to ascaridole was observed after 45 minutes, causing near full conversion to take upwards of 90 minutes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 As seen in Figure 4, Based on these results, it is clear that the insoluble photoactive gels performed more efficiently than their soluble counterparts. While 3 -.640 performed slightly better than 3 -.)40, it also required a greater amount of the photoactive monomer. The gels also displayed greater stability 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21 reaction methodologies. 41 Photochemical reactions have been demonstrated widely using continuous flow methods, even under heterogeneous conditions. 29, 41 While the synthesized gels showed good 1 O 2 production, post reaction recovery and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 22 60 minutes where full conversion to ascaridole was observed * 1 H NMR spectroscopy ( Figure   S26 ). The production rate for the conversion of α terpinene to ascaridole was found to be 136 mg.h 1 . In order to relate this to the amount of photoactive component in the beads, the production rate of ascaridole per mg of & / in , & / needs to be evaluated. This corresponds to 680 mg.h 1 .
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& / was also employed as a photosensitizer under continuous flow conditions.
However, the photochemical reactor was replaced with the column containing the trapped photoactive polyHIPE, as described above (Figure 2b ). Due to the reduced contact time with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Under the stated conditions, we observed full conversion of α terpinene to ascaridole after a single pass of the 10 mL solution of α terpinene (0.4 mmol in chloroform) ( Figure S27 ). To 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 after 90 minutes with 3 -.)40 and after 60 minutes with , & / ( Figure S29 and S30 ).
Under natural sunlight irradiation and aerobic conditions, along with comparable conversion rates, we were able to validate the robustness of the synthesized photosensitizers. The ability to use sunlight as a free source of energy and air as the source of oxygen demonstrates how two of the main components for this photosensitization reaction greatly increase the potential for low environmental impact applications.
<!89 > Experimental set up of the conversion of α terpinene to ascaridole using 1 O 2 produced from direct sunlight irradiation.
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; -, ! " , -* !1 ,1! Due to the ability of the described polymers to reach a stable excited triplet state for the generation of 1 O 2 , we successfully demonstrated how these materials compare to our previous work. 27 29 This prompted investigations into the potential of these polymers to act as triplet photosensitizers in other chemical transformations. Materials which can occupy an excited triplet state and subsequently be employed as photocatalysts have been studied in depth and are well known. 8 Within the applications for which triplet photosensitizers can be employed, we envisaged the use of our photoactive polymers for photoredox reactions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25 One such reaction that has received much attention recently is the aerobic hydroxylation of aryl boronic acids to phenols. Xiao first reported the use of a visible light photocatalytic strategy to convert aryl boronic acids to phenols using Ru based complexes and organic dyes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A scope of reagents for aerobic oxidative hydroxylation of aryl boronic acids is summarized in Reaction performed under flow conditions.
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